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Abstract

NASA Glenn Research Center (GRC), the Department
of Energy (DOE), and Stirling Technology Company

(STC) are developing a Stifling convertor for an
advanced radioisotope power system to provide

spacecraft on-board electric power for NASA deep
space missions. NASA GRC is conducting an in-house

project to provide convertor, component, and materials
testing and evaluation in support of the overall power

system development. A first characterization of the
DOE/STC 55-We Stirling Technology Demonstration

Convertor (TDC) under the expected launch random
vibration environment was recently completed in the

NASA GRC Structural Dynamics Laboratory. Two
TDCs also completed an initial EMI characterization at

NASA GRC while being tested in a synchronized,

opposed configuration. Materials testing is underway
to support a life assessment of the heater head, and

magnet characterization and aging tests have been
initiated. Test facilities are now being established for an

independent convertor performance verification and
technology development. A preliminary FMEA, initial
FEA for the linear alternator, ionizing radiation

survivability assessment, and radiator parametric study
have also been completed. This paper will discuss the

status, plans, and results to date for these efforts.

Introduction

NASA Glenn Research Center (GRC) (formerly NASA
Lewis Research Center), the Department of Energy

(DOE), and the Stirling Technology Company (STC) of
Kennewick, WA are developing a Stirling convertor for

an advanced radioisotope power system to provide

spacecraft on-board electric power for NASA deep
space missions. Stirling is being evaluated as an
alternative to replace Radioisotope Thermoelectric

Generators (RTGs) with a high-efficiency power source
and has recently been identi_ed for potential use on the
Europa Orbiter and Solar Probe missions now
scheduled for launch in the 2006-2007 timeframe. The

efficiency of the Stirling system, about 20-25% for this
application, will reduce the necessary isotope inventory
by a factor of 3 or more compared to RTGs.

STC has designed, fabricated, and completed first

testing of the 55-We Technology Demonstration
Convertor (TDC) under contract to DOE L2. The TDC

has been baselined by DOE for use in the upcoming
missions. Two TDCs are now being tested by STC in a

dynamically-balanced opposed arrangement, as shown
in figure 1. Both design convertor power and efficiency

have been demonstrated. Long life has also been
demonstrated on a similar STC 10-We radioisotope
terrestrial convertor, RG-10, that has been on life test at

STC for over 54,000 hours (6.1 years) with no

convertor maintenance and no degradation in
performance. NASA GRC is providing technical

consulting for this effort under an Interagency

Agreement with DOE.

Figure 1. Two opposed 55-We TDC convertors

on test (courtesy of STC).

As part of the overall Stifling radioisotope convertor

development, NASA GRC is addressing key
technology issues through the use of two NASA Phase
II Small Business Innovation Research (SBIR)
contracts with STC 3"_. Under the first SBIR, STC

demonstrated a synchronous connection of two
thermodynamically independent Stirling convertors and

a 40 to 50 fold reduction in vibrations compared to an
unbalanced convertor. This connection method is now

being used to connect the DOE/STC TDC convertors.
The second SBIR contract is for the development of an

Adaptive Vibration Reduction System that further
reduces vibrations under normal operating conditions

and will also add the ability to adapt to any changing
convertor conditions over the course of a mission.
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NASAGRCisalsoconductinganin-houseprojectto
provideconvertor,component,andmaterialstesting
and evaluationin supportof the overallStifling
radioisotopepowersystemdevelopment.Theproject
tasksbuildonNASAGRCexpertisedevelopedaspart
ofpreviousStiflingresearchcompletedbyNASAGRC
over the last 25 years.Tasksincludeconvertor
performanceverification, controls technology
development,heaterheadstructurallife assessment,
materialsandjoiningevaluations,linearalternator
finite elementanalyses(FEA),permanentmagnet
characterizationandthermalagingtests,demonstration
of convertoroperationunderlaunchandorbittransfer
random vibration environments,electro-magnetic
interference(EMI)characterizationof theconvertor,
ionizingradiationsurvivabilityassessment,radiator
parametricstudy,andfailuremodesandeffectsanalysis
(FMEA).Thispaperwilldiscussthestatusandresults
todateforthisin-houseproject.

NASA GRC has been investigatingStirling
radioisotopepowersystemsfor deepspacemissions
sinceabout19905.Thisworkgrewout of earlier
Stiflingeffortsconductedfor DOE for a Stirring
automotiveengineandfor the NASACivil Space
TechnologyInitiative(CSTI)to developStirlingfor a
nuclearpowersystemtoprovideelectricalpowerfora
lunaror Marsbase(partof the SP-100program).
NASAGRCalsoprovidedtechnicalmanagementfor
DOEfor theAdvancedStirlingConversionSystem
(ASCS)terrestrialdishStirringproject.Overall,NASA
GRChasbeendevelopingStirringtechnologiessince
themid-1970's.

SystemsusingStirringconvertorsarebeinganalyzedby
NASAGRCforotherspaceapplicationsinadditionto
Stirringradioisotopepowerfor deepspacemissions.
Theseincludesolardynamicpowersystemsfor space-
basedradar6 andasa deepspacealternativeto the
radioisotopesystem7'8,lunar/Marsbasesandrovers,and
a combinedelectricalpowerandcoolingsystemfor a
Venuslander.

Convertor Characterization in Launch Environment

Following initial development of the TDC, the

performance goals of electric power output and
conversion efficiency had been demonstrated. Mass

was projected for a flight version of the TDC that was
acceptable for the integrated spacecraft power system.
It was "also shown that the TDC was based on

technologies that were capable of leading to long rife

and reliability. Although these capabilities might be
demonstrated analytically and in laboratory tests, it was
unclear what the effect would be on the convertor when

subject to the anticipated launch vibration.

Specifications used during the initial design and

development of the TDC had no requirement for
surviving the random vibration of the launch
environment.

Personnel representing DOE, GRC, the Jet Propulsion
Laboratory (JPL), and STC worked jointly to develop a
test plan to evaluate the effect that vibration would have

on the operation and performance of the TDC. The

vibration levels for the test are shown in figure 2. The
standard workmanship test (NASA-STD-7001) was
modified to move the knee of the vibration curve below

the 80 Hz operating frequency of the TDC. Since little

was known about the ability of the TDC to withstand
vibration, it was decided that the test would proceed

incrementally from low vibration levels to higher
levels. It was also decided that the TDC would be

tested with random vibrations imposed in the axial and
lateral directions, and that it would be first tested at

workmanship level in each direction before advancing
to the flight and qualification level tests. Duration of

each vibration test was one minute, with the exception
of the qualification tests which lasted three minutes.

0.1

0

G01

_Modified Workmanship

6.8 Grms !
Ct0m

lO lOO lOOO

Frequency (Hz)

Figure 2. Random vibration test levels.
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The TDC mounted in the vibration test fixture is shown

in figures 3 and 4. The TDC was operated at full power
and full stroke during each test. Power output was

recorded as each test proceeded. Sine sweeps were
performed before and after each major test to try to

detect any changes in structural integrity that might
occur. References 9.10discuss the results of these tests

in more detail.

The objectives of the test plan were met and exceeded.
The TDC was exposed to significant vibration levels

and durations, beyond those anticipated at launch, and

continued to operate through all tests without problem.
The most severe test was the JPL qualification test at
12.3 Grms for three minutes in both the lateral and axial

directions. As a comparison, the RTGs used for Galileo,
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Ulysses,andCassinimissionsweretestedto 7.7 Grms

laterally and 6.1 Grms axially.

Figure 3. The TDC vibration test at the NASA

GRC Structural Dynamics Lab.

Figure 4. The TDC mounted in the vibration
test fixture.

The TDC was operated at full piston stroke and
produced power through all of the tests. During the
lateral vibration tests, the average power output did

vary somewhat, with power output being reduced as the
vibration level increased. At the completion of each

lateral test, the operation returned to the pre-test
condition. Table 1 summarizes the average power

output of the TDC during the vibration tests. At the
conclusion of the Flight/Qual test in the lateral

direction, the TDC produced in excess of the 54-We
starting condition due to residual heat that accumulated

in the head during the vibration test. After a few
minutes, the power output did return to the 54-We

starting condition.

The reduced power output can be attributed to several
factors. First, during lateral vibration tests, the non-

contacting close clearance seals for the power piston,
the displacer, and the displacer rod would be operating

at time varying clearances. A piston operating
coaxially in a bore produces the lowest leakage
condition, therefore any deviation from coaxial

operation would increase the leakage. Second, as the
lateral vibration increased in intensity, the moving parts

of the piston/linear alternator and the displacer might
contact stationary support surfaces. It was anticipated

that this would happen and appropriate materials and

coatings were used on the surfaces that would come
into contact. Contact would result in some friction that

reduces the electric power output. Third, the friction

acting on the moving parts could disrupt the tuned

dynamics of the free-piston Stirring convertor and thus
alter the thermodynamic cycle producing the power.
The extent to which these three mechanisms existed,

and the possibility of other loss mechanisms has not
been studied.

Workmanship
LateralLateral Axial

54 54

53 54

53 54

51 54

48 55

54 54

Fli_ht/Qual
Axial

Pre-Test 54 54

-12 dB 54 55

-6 dB 50 54

-3 dB 45 55

0 38 54

Post-Test 57 54

Table 1. Average power output (watts) during
Workmanship and Flight/Qual random vibration tests.

During the random vibration tests in the axial direction,
there was no measurable change in the average power

output. At the highest levels of axial vibration, there
was a slight, irregular tapping sound coming from the
convertor that sounded like metal-to-metal contact. In

anticipation of possible over stroke during these tests,
teflon bumpers were incorporated in the piston/linear
alternator mover of the TDC to prevent damage. The

displacer had no such bumper system and therefore was

capable of metal-to-metal contact. No instrumentation
measured this effect so it is unclear which component

produced the sound.

It is worth noting that the TDC passed not just one, but
a series of severe tests. The workmanship test was

performed twice, once each in the lateral and axial
directions. The flight/qualification test was then

performed twice, once each in the lateral and axial
directions. Before and after each major test, a sine

sweep was performed to try to detect structural changes
in the hardware; approximately 6 sine sweeps were

performed. Thus, the total vibration exposure was far

beyond what would be expected at launch. Also, the
data from the sine sweeps indicated no structural

change as a result of the random vibration tests.

Following successful completion of the vibration tests,
the TDC was operated for over 35 hours at full power
to accumulate more than 10 7 cycles on the hardware.

Per the experience of STC, successful completion of
10 7 cycles is an indication that the flexures have the
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ability for essentiallyinfinitefife. Thiscriteriais
consistentwiththeviewsof theflexure-basedStirring
cryocoolerindustryasanindicationof longlife. No
anomaliesweredetectedduring the 35 hoursof
operation.TheTDCwassubsequentlydisassembled
andinspectedatSTCwithrepresentativespresentfrom
LockheedMartinAstronautics(LMA),ValleyForge,
PA,andGRC. It wasconcludedthatno wearor
damagewasfoundthat couldbe attributedto the
recentlycompletedvibrationtests.

Convertor EMUEMC Characterization

For use as a power system on future NASA science
missions, a Stirring radioisotope power system will be

required to meet electromagnetic interference and
electromagnetic compatibility (EMI/EMC)
specifications. Similar to the situation with the

vibration loads, there was no EMI/EMC specification

applied to the TDC during the initial design.

A team of experts from JPL, GRC and LMA were
convened for this assessment. The purpose was to

characterize the radiated electromagnetic fields to
determine whether the TDC is electromagnetically
compatible with the NASA X2000 advanced

technology requirements. The tests performed are
outlined in table 2. If the measured levels were found

to exceed the specifications, the assessment was also
viewed as an initial opportunity to assess the levels that

could be achieved in the future and what techniques this
might entail. One of the main concerns was that the

X2000 radiated emissions requirements used for this

evaluation are up to 100 dB more stringent than the
commonly used MIL-STD-461 requirements.

RE0 AC Magnetic Emissions, 50 Hz - 150 kHz, 13.3 cm
loop antenna at 4 antenna positions from 12.5 cm to 1m

RE04 AC Magnetics, 50 Hz - 150 kHz, larger loop antenna
at 3 positions from 25 cm to 1m

Search coil measurements, 25 cm and 1 m (3 axis)

RE02 Electric Field Emissions, 50 Hz - 150 kHz, and
14 kHz- 1GHz at 1 m

CE01 test, measured at TDC interface for information
only, not a spec

Characterized controller voltage and current waveforms

Magnetic Field Emissions test using partial mumetal
shields over the alternators

Table 2. EMI/EMC tests performed on the TDC.

The EMI/EMC laboratory at GRC was selected as the

site for the assessment. Two operational TDCs and the

needed support equipment were installed in the
EMI/EMC lab. Initial tests were run with the TDCs

configured in the alternator-to-alternator configuration
as shown in figure 1. Later in the test sequence, the
configuration was changed so that the TDCs were

tested in a hot-end to hot-end configuration as shown in
figure 5. It should be noted that the TDCs were never

optimized to reduce EMC, and further that there was no

attempt to minimize loop area or clock the TDCs
relative to one another for this particular test, nor to

provide any shielding in the TDC.

Figure 5. A pair of TDCs on test at the GRC

EMI/EMC Laboratory.

Based on the test data, the TDCs would meet the

requirements for missions such as Europa Orbiter and

Pluto Kuiper Express, but would exceed the Solar
Probe magnetic field requirements (driven by the

science package) by up to about 100 dB at the 80 Hz
operating frequency. The electric field emissions

exceeded the Solar Probe electric field requirements by
about 60 dB, but further testing showed that these

emissions were primarily being radiated by the
interconnecting cable and were reduced by 30 dB with

minimal effort. Harmonic content was largely a
function of the current waveform which is expected to

be near sinusoidal with few harmonics in the flight unit.

It was the conclusion that significant improvement in
magnetic field emissions are available by optimizing

wiring layout and providing counter-loops when
necessary. It was also concluded that it is possible to
use the TDC for science missions with plasma

experiments; however, care would need to be taken to

minimize current loops and magnetic shielding would
also be required.

Heater Head Life Assessment

Heater head life is a critical element for achieving the
100,000+ hour life of the convertor. NASA GRC
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materialsandstructurespersonnelhavedevelopedan
approachtocharacterizethelong-termdurabilityofthe
heaterheadusingrelativelyshort-termextrapolation
methods11. A similarassessmentwaspreviously
completedfora 12.5-kWeStirlingconvertoraspartof
theNASACSTIeffortsforSP-100_2.Lifeprediction
modelswill beselected,andanindependentthermal
andstructuralFEAcompleted.TheIN718heaterhead
materialin thefinalprocessconditionthatwillbeused
in the convertorwill be characterizedfor creep
(<20,000hours),lowcyclefatigue,thermal,andtensile
data.Structuralbenchmarktestingwill alsobedone
consistingof acceleratedlife testson prototypical
heaterheads.Resultsof thistestingandtheIN718
materialtestswill beusedtocalibrateandvalidatethe
lifepredictionmodel.Thiscalibratedmodelwill then
beusedto projecttheheaterheadlifetime.Successful
completionof theseeffortsis expectedto givehigh
confidencein theabilityof theheaterheadtomeetthe
operationalliferequirements.

To date,life predictionmodelshavebeenidentified,
andtheheaterheadFEAmodelcompleted.Creep
testinghasbeeninitiatedfor theIN718heaterhead
material.A hightemperature,highpressuretestsystem
hasbeendesignedandisnowbeingassembledforthe
heaterheadacceleratedlife tests.Thiswill applyboth
temperaturegradientsandpressureconditionsbasedon
thosein theactualconvertor.Elevatedpressureand/or
temperatureconditionswill beusedto acceleratethe
testing.

A studywascompletedto investigatethe possible
depletionof chromiumfromtheIN718by thelong-
term,high-temperatureexposureto the vacuumof
space.Chromiumdepletionwoulddecreasematerial
creepresistanceandstrength.A modelwassetupand
thencharacterizedandverifiedby acceleratedaging
testsonIN718.Thismodelwasthenusedtopredictthe
chromiumlossafter100,000hoursatthe650°Chot-end
temperature.The final resultsshowednegligible
chromiumlossattheseconditions.

An evaluationof the joiningmethodsusedin the
convertoris alsobeingconducted.Criticaljointswill
be thermallyagedandmicrostructurallyinvestigated.
Thiswill include,in particular,thecriticalclose-out
hermeticseal.A testsetuptoevaluatethehermeticseal
hasbeendesigned. Theorganicmaterialsin the
convertorarebeingreviewedforanycompatibilityand
outgassingconcerns:theseeffortsarealsosupporting
theselectionof radiation-hardorganics(seesectionon
IonizingRadiationSurvivabilityAssessment).

Linear Alternator Finite Element Analyses

Lightweight linear alternators with high efficiency are a
key to obtaining the potential of the Stirling convertor

for the radioisotope power system. NASA GRC has
been developing finite element analyses (FEA) tools for

performing various linear alternator analyses, including
thermal and electromagnetic analyses and evaluating

design configurations. A three-dimensional magnet-
ostatic model of the TDC linear alternator has been

developed using Ansoft's Maxwell 3D finite element
method software 13.

A key thermal analysis was first completed. The cold-
end of the convertor is expected to operate in the range
of 80-120°C. The higher temperatures of this range

could be marginal for the use of NdFeB magnets.
However, it was recognized by LMA, one of the DOE

contractors analyzing system designs, that the convertor

pressure vessel will also act as a radiator. A model was
developed by NASA GRC that included the linear
alternator, pressure vessel, piston, and radiator.

Boundary conditions and inputs included a 120°C
convertor cold-end temperature, radiation sink

temperature of -40°C, full power output of 55 We from
the convertor with an 85% efficient linear alternator,

a surface conductance between adjacent parts of
0.31 W/"C-cm", and an emissivity of 0.91 with an

absorptivity/emissivity ratio of 1.0 for the radiation heat
transfer. An average magnet temperature of 73°C was
obtained from the analysis. This is expected to be
conservative as the model did not include any
convection heat transfer from the helium inside the

convertor pressure vessel. This calculated magnet
temperature is readily in the typical operating range of

NdFeB magnets, and this calculation resolved concerns
over the magnet selection. The calculated linear
alternator temperature levels are also key inputs to the

selection of radiation-hard organic materials for use in
the alternator (see section on Ionizing Radiation

Survivability Assessment).

Electromagnetic calculations of the TDC linear
alternator open circuit voltage have also been recently

completed and compared to the value measured by STC
at room temperature _3. The NASA GRC model
calculated 98.0 Vrms at 23°C while STC measured

97.0 Vrms. Dynamic circuit simulation software

capable of working with Maxwell 3D is expected soon:
this will allow complete simulations under load.

This FEA tool should be useful for evaluating both

linear alternator performance and design variations. A
future task is planned to evaluate a lightweight linear

alternator concept that has been previously tested by
STC and had performance shortfalls. The FEA will be
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used to evaluate the alternator flux profiles and
identify potential design modifications with STC to

improve performance.

Permanent Magnet Aging Tests

NdFeB permanent magnets are used in the TDC linear

alternators. Magnet choice is dependent on the final

convertor cold-end temperature chosen based on system
analyses (now expected to be between 80 and 120°C),
magnet temperature calculations (preliminary

calculations indicate that the magnet operating
temperature is about 70-80°C - see previous section),

and the safety margin necessary to prevent
demagnetization. Characterization testing of

appropriate NdFeB magnets will first be done using an
existing test rig shown in figure 6 that was developed

for testing SmCo magnets during the previous NASA
CSTI research for SP-100 ]4. Selected NdFeB magnets

will then be put on short-term and long-term aging tests

at operating temperature and in a demagnetizing field to
quantify any potential magnet degradation with time
and temperature. Such degradation could affect both

the remanent magnetization and the demagnetization
resistance.

Figure 6, Magnet characterization test
rig.

The characterization testing of 9 NdFeB magnet types
from 3 different manufacturers has been mostly

completed. B-H curves for two different samples of

each magnet type were measured over a range of
temperatures from room temperature to 150°C.
Comparisons between one of the better (for this

application) NdFeB magnet types and one of the better

Sm2Co]7 magnet types tested previously are shown in
figures 7 and 8. Figure 7 compares the magnet

remanence, a measure of magnet strength, over a range
of temperatures. It can be seen that the crossover point
in magnet strength between the NdFeB and SmCo is

around 190°C. Figure 8 compares the intrinsic

coercivity, a measure of demagnetization resistance,
over a range of temperatures. At the expected magnet

operating temperatures for the Stirling convertor, it can
be seen from the two figures that the NdFeB magnets

provide higher strength but lower demagnetization
resistance.
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Figure 7, Comparison of magnet remanence vs.

temperature for NdFeB and SmCo magnets.
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Figure 8, Comparison of magnet intrinsic coercivity
vs. temperature for NdFeB and SmCo magnets.

Based on the NdFeB characterization tests, several

NdFeB magnet types will be selected for short-term

magnet aging tests. A magnet aging rig has been
designed and fabricated by KJS Associates Inc.,

Indianapolis, IN and will soon be installed at NASA

GRC. This test rig will allow up to l0 magnet samples
to be tested at once in an inert gas. The inert gas will
prevent oxidation effects from occurring over the test

period and influencing the results. In actual operation,
the magnets are located in the helium environment of

the convertor. The samples will be maintained at a
selected temperature and with a fixed DC

demagnetizing field applied. This demagnetizing field

will be chosen based on the maximum demagnetizing
field that the magnets see in operation.
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Preliminaryshort-termaging tests have been
completedusingthemagnetcharacterizationrig. Three
NdFeBmagnettypeshavebeentestedfor about100
hoursat 120°Candina6-kOedemagnetizingfield.No
measurablechangein magnetcharacteristicswere
foundafterthesetests.Furthershort-termagingtests
with the aging test rig may be run at higher
temperatures.Eitheroneor twoNdFeBmagnettypes
will thenbechosenforthelong-termagingtests.It is
plannedto runthelong-termtestsfor a minimumof
12,000hours.Magnetsampleswill beperiodically
removedfromthetestrigtoquantifytherateof aging.
Theseresultswill thenbe usedto projectmagnet
characteristicsoverthe6-15yearmissionlifetimes.

In-House Testing of 350-We Convertors
and 55-We TDCs

An in-house Stirling test facility is currently being
established for testing both 350-We and 55-We
convertors. Four 55-We TDCs are now being built by

STC for NASA GRC. These will essentially be the

same as the TDCs tested previously by STC. One main
difference is that they will incorporate radiation-hard

organic materials for the piston bearings and bumpers
and in the linear alternator (see next section). The

TDCs will be arranged in opposed pairs in a hot-end to

hot-end configuration: this configuration was used
during previous EMI/EMC testing at NASA GRC and

is shown in figure 5.

The TDC convertors are expected to be used first for

independent performance verification and further

launch environment testing. They will also serve as a
functional test bed for demonstrating the radiation-hard

organics.

Figure 9. Two opposed 350-We convertors on test at
STC.

Two 350-We convertors will be delivered to NASA
GRC that were built under the NASA Phase II SBIR

that developed the synchronous connection for two

thermodynamically independent convertors 3'4. These

convertors are shown on test at STC in figure 9. STC
has also used these convertors for developing the

Adaptive Vibration Reduction System under a further
NASA Phase II SBIR 3'4. These 350-We convertors as

well as the second pair of TDCs will be used by NASA

GRC for controls technology development, including
some further developments of the SBIR technologies.

Ionizing Radiation Survivability Assessment

Future missions for a Stirling radioisotope power

system include a possible mission to the Jupiter moon
Europa. The Europa radiation environment is harsh,
and this ionizing radiation around Jupiter is much more

severe than that produced by the GPHS radioisotope
heat source.

As part of a DOE/NASA assessment of the Stirring
technology, NASA GRC evaluated the radiation effects
on the organic materials in the Stirling convertor 15.

Experts were also consulted from JPL, LMA, and
General Electric, Schenectady, NY. The total expected

ionizing dose inside the convertor was estimated at 4

MRAD considering the intrinsic shielding provided by
the pressure vessel. Each organic material used in the

Stifling convertor was identified. These included piston
beating coatings, piston bumpers, and alternator
adhesives and electrical insulations. Each separate

material was evaluated for acceptability, and new

organic materials were recommended where necessary.
Both STC and vendors of the organic materials were
consulted as to the satisfactory functional use of the
recommended materials. STC completed functional

tests as required for some of the materials under
consideration.

In each case, a satisfactory radiation-hard organic has
been identified. These materials are now being

incorporated into the TDC convertors that STC is

currently building for NASA GRC. The testing of these
convertors will verify the functionality for each of the

modified organics.

Failure Modes and Effects Analysis

An independent reliability assessment of the TDC was
performed at GRC. The assessment included two tasks.
The first task was to develop a Failure Modes and

Effects Analysis (FMEA). This analysis was intended
to address the Stirring convertor, but not the radiator,
controller, structural interface, and GPHS modules and

housing, which were all viewed to be part of the system

and beyond the envelope of the TDC. The second task
was to develop a rife and reliability model using all
available test data that were deemed relevant. The
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ultimatepurposeof this second task was to determine

if a flight version of the TDC was capable of
completing a 14-year mission.

An FMEA was performed for the TDC looking at the

component level. This analysis included all phases of
the TDC operational life starting when the fueled GPHS

modules are loaded into the system through the

completion of the mission. Following this, a top level
FMEA was generated to determine if there were any
failures in external systems that would cause a critical
failure in the TDC.

Based on the results from the component level FMEA,

a Critical Items List (CIL) was generated. A critical
item was defined as an item whose failure would

prevent the TDC from producing power at or near the
full capacity. A failure that shuts down the TDC but
allows a restart was not considered a critical failure. A

total of 14 components were identified on the CIL, as
shown in table 3.

Hermetic closure, pressure vessel

Hermetic closure, piston housing

Hermetic closure, electric feed throughs

Aft bearing support spider

Heater head assembly

Over stroke protection bumper

Over stroke protection bumper stops

Linear alternator stator permanent magnets
Linear alternator stator insulation

10 Linear alternator mover assembly

11 Displacer flexures
12 Piston flexures

13 Flexure stack fasteners

14 Linear alternator stator laminations

Table 3. TDC Critical Items List.

To evaluate the potential for long life, a life and
reliability analysis was performed on each of the items
identified on the CIL. A number of sources of

information were used, including test data, materials
data, and component design data. The conclusion was
that there was sufficient relevant data and that all of the

design issues were well understood and could be

managed within the current quality practices of the
aerospace industry.

Parametric Study of Radiator Concepts

Orbital Sciences Corporation 16"17,Germantown, MD,
and LMA 18 have provided system analyses for DOE.

As part of the Interagency Agreement with DOE,

NASA GRC has contributed a parametric study of heat

pipe and non-heat pipe radiator concepts using both

state-of-the-art and advanced high thermal conductivity
materials 19. The heat pipe concepts were based on an

earlier Orbital Sciences system concept shown in figure
10; see references 16,17for later Orbital Sciences system

designs. The non-heat pipe concept that was evaluated
was developed by NASA GRC and is shown in figure

11. This concept uses solid disks and eliminates any
concerns with heat pipe reliability, such as sensitivity to

micrometeoroid damage.

/ GPHS Modules

Radia_

Heat Pipe

_-"_ cSntir_irtgrs

Figure 10. Orbital Sciences Corporation system
concelgt 2°.

GPHS

Modules _ :!:.__i-';_:__:,!_;(_;_Stirring _!!:!i__

Convertors __

Radiators

Figure 11. Non-heat pipe radiator concept.

For the heat pipe concepts, layouts using heat pipes
located optimally for performance and radiator size

were compared with layouts with the heat pipe fixed at
the radial location of the convertor cooler (which was

assumed to be easier to fabricate). The non-heat pipe
radiators use thermal conduction through solid disks
mounted perpendicular to the convertor axis of motion.

Flat, tapered, and parabolic surfaces were considered
for the solid disks. Both two- and four-convertor

system designs were evaluated for both heat pipe and
non-heat pipe concepts.

Materials considered for the radiator fins included

aluminum, beryllium, carbon composite, and thermal

pyrolitic graphite (TPG). TPG is an advanced high-
thermal conductivity material and is not an available
radiator technology at this time. The TPG must be

encapsulated within another material to provide

strength. TPG encapsulants considered in the study
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werealuminum,beryllium,andcarboncomposite.A
Z-93radiatorsurfacecoatingwithhighemissivityand
lowabsorptivitywasassumedforthestudy.

Theseconceptualradiatorevaluationsweredonewitha
dedicatedradiatoranalysistool, GPHRAD,recently
developedat NASAGRC-_kGPHRADis a finite
differencecomputationalcode developedfor the
analysisanddesignof circularsectorradiators.It
includesa novelsubroutineto determineequilibrium
spacesink temperaturesanywherewithinthe Solar
System22. This takes into account the radiator surface

characteristics, view factor to space, distance from the

sun and any planets, and on-board heat generation.

For a nominal 105-We power system with two opposed

Stifling convertors and a convertor cold-end
temperature of 120°C, total radiator mass was found to

be as low as 1.75 kg for a non-heat pipe concept and as

low as 2.17 kg for a heat pipe concept. As the layouts
went from the more complex (heat pipe radiators with
heat pipes requiring a number of bends) to the simpler

(simple disks and no heat pipes), the benefits of using
the advanced high thermal conductivity TPG increased.

However, designs with aluminum, beryllium, and
carbon composites were also found to be attractive in

terms of mass and thermal performance for each
potential layout. The best non-heat pipe designs have

outer radii that are 2/3 as large as the best designs using

heat pipes: however, these best non-heat pipe designs
require the use of TPG fins. In general, maximum
temperature differences across the radiator were

minimized by using optimally-located heat pipes and
TPG material.

A view factor of 1.5 was assumed for these

calculations. A sensitivity analysis to view factor
showed that view factor significantly affects radiator
size and mass and needs to be carefully calculated for a

given system and spacecraft layout.

Concluding Remarks

The Department of Energy, NASA Glenn Research

Center, and Stifling Technology Company are
developing a Stirring convertor for a high-efficiency

radioisotope power system to provide spacecraft on-
board electric power for NASA deep space missions.
Rapid progress has been made, and a Stirring power

system has now been identified for potential use on the
Europa Orbiter and Solar Probe missions.

A technology assessment was recently completed by
DOE and NASA with a joint government/industry team
to evaluate the technology readiness of STC's 55-We

Technology Demonstration Convertor. The team

concluded that no technical barriers exist and that the

Stifling convertor is ready for the next step towards
developing the Stifling technology into a radioisotope
power system for future NASA deep space missions. A

DOE procurement solicitation for a system integrator

for this Stirring radioisotope power system has since
been released.

NASA GRC is playing a key role in the overall

development of the Stirling convertor for this
application. As part of the NASA GRC in-house

supporting technology project, four key tasks of the
technology assessment were completed. These were

the demonstration of the Stirling convertor operation
under launch environments, convertor EMI/EMC

characterization, survivability assessment of the
convertor organic materials in a high-radiation

environment, and failure modes and effects analysis.
Further in-house tasks are providing life assessments

for the heater head and permanent magnets, an
independent performance verification for the convertor,

a joining evaluation, and FEA analyses of the linear

alternator. These NASA GRC efforts are moving along
rapidly with a number of significant accomplishments

in the first year of the project. In addition, Stifling
technology expertise is provided to DOE as part of a

Space Act Agreement. Under this Space Act
Agreement, a parametric study of radiator concepts was
also completed.
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